We did experiments to determine whether beta-adrenergic agonists increase lung liquid clearance in anesthetized ventilated adult sheep and, if so, whether the increase is mediated by beta receptors and what mechanism is involved. We instilled 100 ml of autologous serum either alone or with a beta-adrenergic agonist (terbutaline, j0-5 M, or epinephrine, 5.5 X 10-6 M) into one lower lobe. After 4 h both terbutaline and epinephrine increased lung liquid clearance. The increase in lung liquid clearance was inhibited when propranolol (a beta blocker) or amiloride (a sodium channel blocker) was added to the terbutaline. Increased clearance was not explained by changes in pulmonary hemodynamics, pulmonary blood flow, or lung lymph flow. We conclude that beta-adrenergic agonists increase lung liquid clearance in anesthetized intact adult sheep. This increase is mediated through beta receptors and probably depends on increased active transport of sodium across the alveolar barrier.
Introduction
Clearance of liquid across the alveolar barrier of the lungs depends in part on hydrostatic and osmotic pressure gradients across the alveolar barrier (1, 2) . Recently, it has been suggested that alveolar and lung liquid clearance may also depend on active metabolic processes for ion transport (3) (4) (5) . This hypothesis is supported by work in different experimental models in which the presence of active sodium transport has been identified (6) (7) (8) (9) (10) .
In some studies, active transport of sodium has been shown to increase when beta-adrenergic agents are present. For example, beta-adrenergic agonists increase sodium transport across the alveolar barrier in fetal lambs (1 1), isolated rat lungs (12) , and cultured alveolar type II cells (7, 13) . However, whether increased active transport of sodium induced by beta-adrenergic agents increases lung liquid clearance in the intact adult animal has never been studied. Therefore, our first objective in these studies was to determine whether beta agonists increase lung liquid clearance in anesthetized intact adult sheep.
Once it was clear that beta agonists markedly increased lung liquid clearance, we established that this effect is mediated through beta receptors. Then, we studied the mechanism for the increased liquid clearance by measuring pulmonary hemodynamics, pulmonary blood flow, lung lymph flow, and alveolar barrier permeability and surface area. Finally, to evaluate whether the mechanism of the increased lung liquid clearance we observed involves an increase in active sodium transport, we assessed the effect of the sodium channel blocker amiloride on the beta agonist-mediated increase in lung liquid clearance.
Methods
Surgical preparation. We anesthetized 50 female and wethered yearling sheep (34.9±5.6 kg) with intravenous sodium pentothal (30 mg/kg), made a tracheostomy, and inserted a cuffed tracheostomy tube (Portex, Inc., Wilmington, MA). The lungs were ventilated with a constant-volume pump (Harvard Apparatus Co., Inc., South Natick, MA) at a tidal volume of 400-500 ml (13-15 ml/kg) with a peak inspiratory pressure of 15-20 cm H20 and a positive end-expiratory pressure of 5 cm H20. The respiratory rate was adjusted to achieve a PaCO2 between 30 and 40 mmHg. Anesthesia was maintained by 1.0-1.5% halothane mixed with supplemental oxygen (40-60%). The sheep were paralyzed with pancuronium bromide (1.0-mg i.v. every 3 h).
The preparation of anesthetized sheep designed to collect lung lymph and measure systemic and pulmonary hemodynamics was similar to the one previously published (3, 14, 15) . The preparatory surgery required 1.5-2 h. The sheep were then placed in the prone position, and the head and thorax were tilted up at a 5°angle to maintain the lower lung lobes in a slightly dependent position. Both sides of the chest were left open.
Preparation and instillation ofserum. The procedures for preparation and instillation ofthe serum solution are essentially the same as we have previously published (3, 5) . Briefly, on the day before the experiment 250 ml of blood was withdrawn from the sheep with sterile technique. The blood was clotted and centrifuged to obtain 125 ml of serum. The serum was refrigerated overnight. The next morning, we added 30 mg of anhydrous Evans blue to bind to the albumin (16) . 20 gCi of 125I-labeled human serum albumin (Mallinckrodt, Inc., St. Louis, MO) was added to the serum as a protein tracer. Before we instilled the serum, we took a sample for total protein measurement and wet/dry ratio measurements so that the dry weight could be subtracted from the final lung water calculations. Our aim was to instill 100±3.0 ml ofwater (108-112 ml of serum volume). The serum was instilled by inserting a flexible fiberoptic bronchoscope (Machida America, Inc., Norwood, NJ) through a three-way t-piece adapter via the tracheostomy so that ventilation was not interrupted. Either the left or the right lower lobe was used to instill the serum. The instillation took -5-10 min.
General protocol. Five series of experiments were done. In the first three series, we evaluated the effects of two beta-adrenergic agonists and a beta-adrenergic antagonist on the clearance of liquid and protein from the lungs. In the last two series, we studied the effects of changes in pulmonary blood flow and the effect of a sodium channel blocker (amiloride) on the beta agonist-mediated increase in lung liquid clearance. In addition, in each of these series we measured pulmonary hemodynamics and lung lymph flow to evaluate their possible role as a mechanism of the increased lung liquid clearance induced by the beta-adrenergic agonist. In each of these series, the permeability of the alveolar barrier For all the experimental series, we used the following general protocol. After surgery there was a baseline period of 1.5-2 h, during which lung lymph flow and vascular pressures were stable. Then the serum solution with or without a beta-adrenergic agonist or antagonist was instilled. During the next 4 h, systemic, pulmonary, and left atrial pressures, cardiac output, and lung lymph flow were measured every 15 min. Blood and lymph samples were taken every 0.5 h for total protein concentration measurements and 1251-albumin counts. After 4 h, the sheep were killed and the lungs were removed for sampling of the airway liquid to obtain the final airway liquid protein concentration, measurements of excess lung water to assess lung liquid clearance, and the residual quantity of 25I-albumin left in the lung (see Measurements).
Specific protocols Series 1. Instilled beta-adrenergic agonists (18 sheep). To determine the effect of beta-adrenergic agonists on lung liquid and protein clearance from the lungs, we instilled into one lower lobe either serum alone (six sheep), serum mixed with terbutaline (IO-' M; CIBA-GEIGY, Summit, NJ) (six sheep), or serum mixed with epinephrine (5.5 X 10' M, Am Quinine, Shirley, NY) (six sheep). We then measured the variables described in the general protocol. The doses ofterbutaline and epinephrine selected for these studies are similar to the doses used in studies ofisolated alveolar type II cells by other investigators (7, 13) .
Terbutaline and epinephrine were chosen because of their previous use in other models. Terbutaline was used to study the electrical properties (7) and dome formation (7-10) by cultured alveolar type II cells. Terbutaline was also used to study sodium transport in the isolated, perfused rat lung (12) . Finally, epinephrine was used to study the reabsorption of fetal lung liquid after birth (1 1). We also selected epinephrine because it is an endogenous cathecolamine. Series 2. Intravenous and instilled beta-adrenergic agonists (six sheep). To determine whether we could achieve a greater effect on lung liquid and protein clearance by giving terbutaline both in the instilled serum and intravenously, we did two experiments. First, in preliminary experiments, terbutaline was infused to determine whether an intravenous infusion increases lung liquid clearance. For this first experiment, after the baseline period, an intravenous infusion of terbutaline was begun in three sheep at a dose of 0.6 Agg kg-' -min-', 1 h before the serum instillation. Then we instilled serum alone into one lower lobe, and continued the intravenous infusion ofterbutaline for 4 h more and measured variables as described in the general protocol. The dose of terbutaline is identical to the dose that was used previously in unanesthetized sheep and did not produce major changes in hemodynamics (17) .
Second, since an intravenous infusion of terbutaline increased lung liquid clearance modestly, in three additional sheep we gave terbutaline both intravenously (0.6 fg kg-* min-') and mixed in the serum (10-1 M) So determine if it would have an additive effect on lung liquid clearance. The protocol was the same as the one just described for intravenous terbutaline except that terbutaline was also added to the instilled serum.
Series 3. Beta-adrenergic antagonist (eight sheep). Two experiments were done in series 3. First, to determine whether beta-adrenergic blockade alone has an effect on lung liquid clearance, we gave the beta-adrenergic antagonist propranolol intravenously to four sheep and mixed it with the instilled serum to assure maximal beta blockade. For this experiment, intravenous propranolol was begun at a low dose (5 Mg . kg' -min') 1 h before the serum instillation and was gradually increased to a maximum of 21 gg * kg-' * min-in an effort to maintain left atrial pressure at < 10 cm H20. Beta blockade was tested with isoproterenol (18). After propranolol had been infused at a stable dose for 1 h, serum mixed with propranolol (10-s M in three sheep; 10-4 M in one sheep) was instilled into the lung. The infusion of propranolol was continued for 4 h after serum instillation while the variables described in the general protocol were measured. Second, to confirm that the effects induced in the experiments of series 1 and 2 were mediated through beta receptors, the beta-adrenergic response was inhibited in four other sheep by giving propranolol and terbutaline together. For this experiment, propranolol was infused intravenously for 1.5 h, then an intravenous infusion of terbutaline (as described for series 2 experiments) was begun. After 1 h of terbutaline infusion, serum mixed with both terbutaline (10-s M) and propranolol (l0-s M) was instilled into one lung. The intravenous infusions of propranolol and terbutaline were continued throughout the 4-h study period while the variables described in the general protocol were measured.
Beta blockade again was confirmed with isoproterenol ( 18). Series 4. Pulmonary bloodflow (14 sheep). To determine the possible role of pulmonary blood flow in the increased lung liquid clearance observed with beta-adrenergic agonists, we did two experiments. In the first experiment, we studied the distribution of pulmonary blood flow to the serum-instilled lung by injecting radioactive microspheres (see Measurements) into 10 sheep that received either serum alone (two sheep), serum mixed with epinephrine (three sheep), serum mixed with terbutaline and intravenous terbutaline (two sheep), or serum alone and intravenous nitroprusside (three sheep).
Since the vasodilator nitroprusside and beta-adrenergic agonists maintained pulmonary blood flow to the serum-instilled lung, nitroprusside was infused in the second series of experiments (four sheep) to see if preserved pulmonary blood flow by itselfwould increase lung liquid clearance. First, to find a dose of nitroprusside that would increase blood flow to the serum-instilled lung, a brief period of hypoxia-induced pulmonary hypertension was created and the dose of nitroprusside (Abbott Laboratories, Irving, TX) that would return pulmonary artery pressure to baseline levels was determined. Briefly, after the surgical preparation was complete, the fraction of oxygen was lowered to 0.10, resulting in a mean arterial oxygen tension of 31.8±1.7 (SD) mmHg. Pulmonary artery pressure rose to 31.5±5.3 cm H20 (n = 4), and pulmonary vascular resistance doubled. After 10 min of alveolar hypoxia, intravenous nitroprusside was begun at a dose of 3 Ag kg-' -min-' and was increased until pulmonary artery pressure returned to baseline levels. This objective was accomplished in all sheep within 10 min, with an average dose of nitroprusside of 5 Ago kg-' * min' (range, 4-7 Agg kg' * min-').
The effect of infusion ofthis dose on lung liquid clearance was studied as follows. We stopped the intravenous nitroprusside infusion, after which the oxygen fraction returned to 0.50. Then the baseline period was started and continued for 2 h. Next, the nitroprusside infusion was begun. After 0.5 h, serum alone was instilled into one lung. The infusion of nitroprusside was continued for 4 h and the variables described in the general protocol was measured.
Series 5. Sodium channel blocker, amiloride (four sheep). To determine the possible role of active transport of sodium in the increased clearance of liquid observed with terbutaline, we instilled in four sheep serum mixed with terbutaline (I0-' M) and the sodium channel blocker amiloride (Merck Sharp and Dohme, West Point, PA) (10-3 M in two sheep; l0-4 M in two sheep) and measured the variables described in the general protocol. The doses of amiloride were similar to those used in isolated type II cell preparations (7) to block the uptake of sodium at the apical side of the cell membrane. These were also the doses of amiloride used in previous studies in anesthetized sheep in our laboratory (2) .
Measurements
Measurements of hemodynamics, lung lymph flow, and protein concentration. We measured left atrial, pulmonary arterial, systemic arterial, airway pressure, cardiac output, and blood gases as previously described (3). At 15-min intervals we measured the volume of lymph, and at 30-min intervals we collected the lymph and a blood sample to measure total protein concentration with an automated analyzer (AAII Technicon, Tarrytown, NY).
Excess lung water measurements. After each experiment, we obtained a 40-ml blood sample to measure the hemoglobin concentration and the wet/dry weight ratio of blood for the lung water calculation. Then the sheep was killed by cross-clamping the aorta. The trachea was clamped at an airway pressure of 20 cm H20 and the lungs were removed from the thorax. Airway liquid (2-5 ml) was obtained by passing a 3-mmdiameter catheter into the distal airways of the serum-instilled lung. The sample was centrifuged and the total protein concentration and radioactivity (counts per milliliter) of the supernatant was measured. Then the lungs were frozen in liquid nitrogen. The next day, each lung was examined in a cryostat at -20'C to determine the distribution of the Evans blue-labeled serum and to confirm that none of the fluid had spilled over into the control lung.
We then homogenized each lung separately and determined the extravascular lung water by calculating the wet/dry weight ratio (grams H20/grams dry lung) (19) . The excess water in the experimental lung was then calculated with the same equation as described previously (3, 5) . To evaluate the accuracy ofthis method of measuring different quantities of water instilled into the lung, we did five experiments in which different quantities of water (40-100 ml) were instilled into an excised lung. The other lung was used as a control. Then the known instilled water volume was plotted against the measured water volume. A regression line was calculated ahd the coefficient of variation was computed from the standard error of the estimate of the regression line and the mean values of the residual lung water. The coefficient of variation for this technique was 1 1.1%.
Distribution ofpulmonary bloodflow. To quantify the distribution of pulmonary blood flow to the serum-instilled regions of the lungs, we measured the fractional distribution ofpulmonary blood flow in 10 sheep (serum alone in two sheep; serum plus epinephrine in three sheep; serum plus intravenous terbutaline mixed with instilled serum in two sheep; serum plus intravenous nitroprusside in three sheep). To measure the fractional distribution ofpulmonary blood flow, 15-Mm-diameter radionuclide-labeled microspheres were injected over 0.5 min into the right atrium as described previously (3, 20) . Measurements were made twice during the last half hour ofthe baseline period before serum was instilled. Then measurements were made at 0.5, 1, 2, and 4 h after the serum was instilled. In studies where an intravenous infusion was started before serum was instilled, two measurements were made 10 min before the serum instillation, and only one baseline measurement (no infusion) was made.
In a cryostat, the serum-instilled lung was cut and the homogeneously blue-stained areas were isolated. This permitted us to identify the maximum change in local blood flow that had occurred, as we have done previously (3). This homogeneously blue-stained area contained -70% of the liquid instilled. The other portions of the experimental lung, which contained 30% of the instilled liquid, and the entire control lung were then isolated. Each portion was homogenized and carbonized. The samples were then processed for radionuclide counting of the isotopes (20) . We accounted for 88.3±9.1% (SD) of the radioactive isotopes that were injected. Alveolar permeability and surface area. To assess the permeability of the alveolar barrier, three different methods were used: clearance of protein ('25I-albumin) from the air spaces, accumulation of plasma equivalents in the air spaces, and clearance of a small molecule ((57Co]cyanocobalamine) from the air spaces. For the assessment ofprotein clearance, 20 uCi of '25I-human serum albumin was added to the instilled serum. The method for assessing the total amount of tracer albumin instilled and the residual amount of tracer recovered in homogenized lung, lymph, and plasma is similar to the method previously published (3, 5) . The sum of the amounts of tracer in the homogenized lung, lymph, and plasma accounted for 95.9±4.2% (SD) of the instilled tracer.
The permeability was assessed also by examining the accumulation ofplasma equivalents in the air spaces. For this measurement, we assessed the movement of protein from the vascular spaces into the air spaces in selected studies by labeling the plasma with "'II-human serum albumin at the beginning of the experiment and then counting the accumulation of "'I-albumin in the airway liquid at the end of the experiment. This method has been previously used to estimate clearance of plasma into the air spaces of the lungs (5, 21) . Briefly, 30 (3, 5) . Using this technique, we accounted for 93.8±8.1% of the tracer instilled.
Statistics. The data are summarized as the mean and standard deviation. For series 1 experiments, all the data from the serum alone (six sheep), serum mixed with terbutaline (six sheep), and serum mixed with epinephrine (six sheep) experiments were analyzed with a one-way analysis of variance and the Newman-Keuls multiple range test (25) . Oneway analysis of variance and the Newman-Keuls test were also used to compare data from the experiments in series 2, 3, 4, and 5 with data from the six-serum-alone experiments from series 1. The changes in hemodynamics and lymph flow from the baseline to the experimental period within each group were analyzed with Student's paired t test. For the baseline period, we used data from the last hour, but for the experimental period we used all four hours. We regarded as significant those differences with a P value of < 0.05.
Results
Instilled beta-adrenergic agonist effects. Beta-adrenergic agonists increased lung liquid clearance. When either terbutaline or epinephrine was instilled along with serum into the air spaces, the excess lung water was significantly less than when serum alone was instilled (Fig. 1 A) Values are mean ± 1 SD. * Mean airway pressure = peak airway pressure/2 + positive end-expiratory pressure/2. tStatistically different from baseline value (P < 0.05).
significance. Parallel to the liquid clearance, the protein concentration of the airway liquid aspirated after the 4-h experiment was greater than the protein concentration ofthe instilled serum for all three treatments but was greater for terbutaline and epinephrine than for serum alone (Fig. 1 B) . The increase in protein concentration for the terbutaline experiments was also greater than that for the epinephrine experiments. After serum was instilled either alone or with a beta-adrenergic agonist, the only significant hemodynamic change was a slight decrease in left atrial pressure in the terbutaline group. Also, there was a slight increase in the mean airway pressure in the beta-adrenergic-treated groups although the mean airway pressure was not different between the three groups (Table I) . However, lung lymph flow and excess lymph flow increased and the lymph to plasma protein concentration ratio decreased significantly in all three groups of experiments (Table II) . Both of these changes were greater after terbutaline and epinephrine than after serum alone (Table II) . Arterial oxygen tension decreased, although it was always > 85 mmHg.
Instilled and intravenous adrenergic agonist effects. In three preliminary experiments where terbutaline was given intravenously instead of being mixed with the serum, the excess lung water was 60.6±4.9 ml, significantly less than the value for the serum alone experiments (76.8±8.0 ml from series 1). The dose of intravenous terbutaline we used had no hemodynamic effect other than a 38% increase in cardiac output. We therefore studied the effect of both intravenous and instilled terbutaline in three sheep. Terbutaline given by these two routes did not produce an additive effect on lung liquid clearance. Excess lung water for intravenous plus instilled terbutaline (49.5±12.7 ml) was not significantly different from excess lung water for instilled terbutaline alone from series 1 (46.9±10.5 ml).
The changes in pulmonary arterial, left atrial, and peak airway pressures were not different from the pressure changes observed for instilled terbutaline alone. However, the presence of an intravenous infusion ofterbutaline did increase cardiac output by 28% over baseline. The excess lymph flow over 4 h was 16.2±3.2 ml and the lymph-to-plasma protein concentration ratio decreased from 0.73±0.04 to 0.55±0.09. These changes were similar to those observed for instilled terbutaline and were significantly different from changes in excess lymph flow and lymph-to-plasma protein concentration ratio observed in the serum alone experiments in series 1. Beta-adrenergic antagonist effects. Propranolol alone did not 
1/min).
In the four experiments where both propranolol and terbutaline were given, the effect of terbutaline on lung liquid clearance and protein concentration in the air spaces was completely blocked (Fig. 2) . Except for a higher left atrial pressure (6.5±2.1 cm H20), the changes in hemodynamics and lung lymph flow were not different from the values for control experiments with serum alone.
Pulmonary bloodflow. Pulmonary blood flow to the seruminstilled lobe decreased in the serum-alone experiments to 20%0 ofbaseline values and did not change over 4 h (Fig. 3) . However, after the beta-adrenergic agonists, the blood flow decreased much less (to -75% of baseline). Furthermore, the blood flow recovered to baseline levels by 2 h. At 4 h it was even slightly above baseline levels. After intravenous nitroprusside, the pulmonary blood flow distribution to the serum-instilled lobe was similar to the results with beta-adrenergic agonists (Fig. 3) . Figure 3 . Changes of pulmonary blood flow at 0.5, 1, 2, and 4 h after instillation of serum alone (n = 2), serum mixed with a beta-adrenergic agonist (terbutaline, n = 2; epinephrine, n = 3), and nitroprusside (n = 3). The terbutaline and epinephrine groups have been pooled because their effect was similar. The pulmonary blood flow of the serumalone experiments was statistically lower than the pulmonary blood flow of the experiments with beta-adrenergic agonists or nitroprusside at 0.5, 1, 2, and 4 h after serum instillation.
However, even though nitroprusside produced changes in pulmonary blood flow similar to those observed with beta-adrenergic agonists, it did not increase lung liquid clearance. In the four experiments with nitroprusside, excess lung water and the increased protein concentration of the airway liquid were not different from values for serum alone (Fig. 2) .
After nitroprusside, pulmonary arterial pressure decreased significantly, from 17.7±4.4 mmHg in the baseline period to 15.7±5.0 mmHg in the experimental period. Cardiac output and left atrial pressure did not change. The excess lymph flow over 4 h was 16.5±11.2 ml but the lymph-to-plasma protein concentration ratio (0.72±0.09) was not significantly different from baseline (0.77±0.04). The excess in lymph flow, but not the lymph-to-plasma protein ratio, was statistically different from those measured for serum alone in series 1.
Sodium channel blocker (amiloride). Amiloride completely blocked the effect of terbutaline on lung liquid clearance (Fig.   4 ). When either l0-4 M or IO-' M amiloride was added to serum mixed with terbutaline, the excess lung water was not different from that for serum alone. In addition, the increased protein concentration ofthe airwayliquid for terbutaline and amiloride (1.2±0.5 g/dl) was not significantly different from that for serum alone (1.7±1.5 g/dl).
Hemodynamics were similar to those measured for serum alone. The excess lymph flow over 4 h with amiloride (10.6±5.9 ml) was greater than that with serum alone (4.7±2.8 ml), but this difference did not quite reach statistical significance (P < 0.1). The ofprotein ('25I-albumin) and the accumulation ofplasma equivalents in the air spaces (13'1-albumin) provide evidence that the permeability ofthe alveolar barrier to protein was not increased by beta-adrenergic agonists. Clearance of '25I-albumin from the lung into the plasma and lymph was not increased when terbutaline or epinephrine was mixed with the serum (Table III) .
Furthermore, the concentration of '25I-albumin tracer in the final airway liquid sample paralleled the concentration of the native protein shown in Fig. 1 B. Recovery of 1251-albumin in the plasma, lymph, and lung in the propranolol, nitroprusside, and amiloride experiments was also not different from that for control experiments with serum alone.
Based on the '3'I-albumin studies, the estimated accumulation of plasma equivalents in the air spaces was not different when terbutaline or epinephrine was instilled with serum than when serum alone was instilled (3.3±2.6, 7.3±3.6, and 3.8±2.6 ml, respectively there was no additive effect may be that a maximal or nearmaximal effect of the beta agonist was achieved with 10-1 M terbutaline in the instilled serum, although we did not do dose response curves to establish this with certainty. However, in isolated type II alveolar epithelial cells, lo-5 M is on the plateau of the dose-response curve for the effect of terbutaline on dome formation (13) , which suggests that 10-5 M terbutaline in instilled serum provides a near-maximal effect. To evaluate the possibility of achieving a more dramatic effect with intravenous terbutaline alone, we would have had to use higher doses of terbutaline. However, higher doses would alter pulmonary hemodynamics, thus making interpretation of the results more difficult.
The experiments with the beta-blocker propranolol indicate that the effect ofterbutaline on lung liquid clearance is mediated through beta receptors. Although we did not specifically attempt to block the effects of epinephrine, it is likely that these effects were also mediated by stimulation of beta receptors. Experimental work with isolated alveolar type II cells supports this hypothesis. In these cells, alpha-adrenergic agonists did not increase the numbers of domes formed (13) . However, specific experiments with alpha-blockers and agonists would be needed to independently assess this issue in our model. Another finding from these experiments is that basal beta-adrenergic tone in anesthetized sheep is probably not an important factor in the normal clearance of liquid across the alveolar barrier because propranolol alone did not have an effect on lung liquid clearance. Similarly, in isolated alveolar type II cells, the presence of propranolol alone did not decrease the basal number of domes formed (13) .
Our study was also designed to determine which mechanisms are important in increasing lung liquid clearance in the presence of beta-adrenergic agonists. The most likely mechanism appears to be a stimulatory effect on active transport of sodium across the alveolar barrier with passive movement of chloride and water. The most direct evidence in this study implicating a sodiumdependent mechanism is provided by the experiments with the sodium channel blocker amiloride. Amiloride, at either 10-3 M or lIO-M, completely blocked the effects of terbutaline on lung liquid clearance. In prior experiments, when we instilled amiloride alone (10-3 or 10-4 M) with serum, lung liquid clearance decreased by 39% (2) . In view ofthese prior results, we anticipated that when amiloride was added to serum mixed with terbutaline (series 5), lung liquid clearance would be slightly less than when serum alone was instilled. However, the lung liquid clearance in these two conditions was similar (Fig. 4) . Recently, Goodman et al. (26) reported similar results. In the isolated, perfused rat lung, amiloride alone reduced sodium transport from the airspaces by 30%, terbutaline increased it by 59%, but terbutaline plus amiloride decreased clearance by only 14%. The most reasonable explanation for these findings is that terbutaline stimulates sodium transport through both amiloride-sensitive and insensitive pathways. These pathways have been documented in both freshly isolated type II cells (27), in the intact dog tracheal epithelium (28) , and in sheep segmental bronchial epithelium (29) . Thus, our results suggest that an increase in active transport of sodium is the likely mechanism for the increased lung liquid clearance induced by beta-adrenergic agonists. These results in intact adult sheep are similar to results obtained in other experimental work with fetal lambs (1 1), isolated rat lungs (12) , and isolated alveolar type II cells (10, 13) .
We also considered the role of other possible mechanisms for increasing lung liquid clearance in the presence of beta-adrenergic agonists. First, we considered the possible contribution of changes in pulmonary hemodynamics. When either terbutaline or epinephrine was instilled in the lung, there were no important changes in the pulmonary hemodynamics or mean airway pressure. Although these measurements do not precisely assess lung microvascular pressure, they indicate that changes in hemodynamics did not have a major influence on the effects of beta-adrenergic agents. However, the absence of overall changes in pulmonary hemodynamics does not eliminate the possibility that changes in pulmonary blood flow to the serum-instilled lung might have influenced the rate at which liquid was cleared from the lung. When we evaluated this possibility, we found that both terbutaline and epinephrine substantially inhibited the decrease in pulmonary blood flow that occurs when serum alone is instilled into the air spaces of the lung (Fig. 3) . To determine if preservation of pulmonary blood flow to the serum-instilled lung is an important mechanism for the increased lung liquid clearance observed with beta-adrenergic agents, we studied the effects of nitroprusside, the vasodilator, on both liquid clearance and pulmonary blood flow (series 4). We found that nitroprusside inhibited the decrease in pulmonary blood flow to the serum-instilled lobe as effectively as terbutaline or epinephrine (Fig. 3) . However, nitroprusside had no effect on lung liquid clearance (Fig. 2) . Therefore, it is unlikely that the increased lung liquid clearance induced by terbutaline or epinephrine is mediated by the preservation of pulmonary blood flow to the serum-instilled lung.
These results on the blood flow distribution to the seruminstilled lung also provide interesting information on the role of blood flow in lung liquid clearance in general. Because the lung liquid clearance of serum alone (76.8±8.0 ml) and of serum plus intravenous nitroprusside (76.0±8.2 ml) were similar but changes in pulmonary blood flow were very different in each situation (Fig. 3) , we think that lung liquid clearance is independent of blood flow as long as a minimal amount of blood flow can be maintained. This hypothesis is also supported by our analysis of the rate of lung liquid clearance from the homogenous blue area (where 70% of the liquid is instilled) compared with the rate of clearance from the nonhomogenous blue area. In the serum-alone experiments, the blood flow decreased to 25% of the baseline in the homogenous area, and we calculated that 35% of the liquid instilled in this region was cleared. In the nonhomogenous blue area, where 30% ofthe liquid was instilled, the blood flow decreased to only 49% of the baseline, and we calculated that 37% of the liquid instilled in this region was removed. Thus the rate of liquid clearance was not influenced by these differences in regional blood flow. However, from these experiments we cannot determine the lowest level ofpulmonary blood flow at which liquid can still be cleared from the air spaces and the lung.
The increase in lung lymph could be a mechanism for the increased lung liquid clearance since adrenergic agonists can increase lymphatic pumping activity (30) . In fact, when serum alone was instilled, there was an increase in lymph flow that could account for 20% ofthe lung liquid that was cleared. When terbutaline was added to the serum, the increase in lymph flow was greater and could have accounted for 36% of the liquid clearance (Table IV) . However, even if the fraction of liquid cleared through the lymphatic system is greater with terbutaline, the overall increase in lymph flow still accounted for less than half of the total excess of liquid removed from the lung (Table  IV) . Thus, the increase in lymph flow alone cannot explain the increased lung liquid clearance induced by the beta-adrenergic agonists. Furthermore, we have previously hypothesized that when a protein solution is instilled in the air spaces some of the increase in lymph flow originates from increased microvascular filtration (3). This hypothesis is supported by the results of the nitroprusside experiments where excess lung lymph flow was 11.8 ml higher than with serum alone but the lung liquid clearance was not different between the two types of experiments (Table IV) . Also it has been reported in other studies that increased pulmonary blood flow without any changes in microvascular pressure can increase lung lymph flow (31) .
Thus, some of the 19.4-ml increase in lung lymph in the serum-plus-terbutaline studies probably is related to the increase in pulmonary blood flow to the serum-instilled lobe that occurs with beta-adrenergic therapy (Fig. 3) . In fact, since excess lymph flow was 10.6 ml in the serum-plus-terbutaline and amiloride experiments, compared with 4.7 ml in the serum-alone experiments (while lung liquid clearance was the same), it is likely that the 5.9-ml difference in lymph flow represents the beta-adrenergic effect ofterbutaline on blood flow and filtration, which amiloride should not block. The greater excess lymph flow (19.4 ml) in the serum-plus-terbutaline experiments, compared with the 10.6 ml in the serum-plus-terbutaline and amiloride studies, probably reflects the addition of liquid from the airspaces. The 8.8-ml difference in lymph flow accounts for 30% of the excess liquid cleared from the lung in the presence ofbeta-adrenergic therapy with terbutaline. The last two mechanisms for the increased lung liquid clearance induced by beta-adrenergic agonists that we considered were increased alveolar barrier permeability and increased alveolar surface area available for reabsorption. However, neither ofthese variables increased. In contrast to lung liquid clearance, the clearance of protein from the air spaces was not increased by beta-adrenergic agonists as measured either by the lymph or plasma concentrations or by the residual tracer left in the lung. The low rate of protein clearance is, in fact, similar to that previously reported in both anesthetized sheep (3) and unanesthetized sheep (5). Our finding that protein clearance was not increased demonstrates that the permeability ofthe alveolar barrier to large molecules is not increased by beta-adrenergic agonists. Unchanged alveolar barrier permeability is also supported by our finding that the movement ofthe plasma protein tracer ("3II-albumin) into the air spaces and the clearance of the [57Co]cyanocobalamine from the air spaces were minimal and similar for the beta-adrenergic agonists mixed with serum and for serum alone.
The surface area available for reabsorption could have increased if the bronchodilators and vasodilators terbutaline or epinephrine opened or dilated some small airways or capillaries. If there had been a significant increase in alveolar surface area with either of these agents, we would have expected greater clearance of [57Co]cyanocobalamine (1,355 mol wt) than of '25I-albumin (69,000 mol wt). But the clearance of both tracers was similar. Furthermore, the concentrations of '25I-albumin and [57Co]cyanocobalamine in the airway liquid rose in parallel to the concentration of native protein, which is what we would expect if their clearances were similar but the clearance of small solutes, such as sodium, was increased by beta-adrenergic agonists. Thus, it appears that movement ofsmall solutes and water across the alveolar barrier can be increased without either an increase in alveolar barrier permeability to molecules with a > 1,000 mol wt or an increased surface area for reabsorption. Similarly, Crandall et al. (12) have reported that terbutaline increased sodium transport without increasing sucrose transport across the alveolar barrier of an isolated rat lung.
These slow rates of clearance for the '25I-albumin and
[57Co]cyanocobalamine tracers and the accumulation of 131I-albumin in the airspaces also support our original observations (3, 5) that the instillation ofautologous serum into the airspaces does not cause an injury to the alveolar barrier. However, it is possible that instillation ofserum into the airspaces releases mediators that could influence lung liquid clearance.
Thus, changes in pulmonary hemodynamics, regional pulmonary blood flow, lung lymph flow, and alveolar barrier permeability and surface area available for absorption of spaces. Since we know the volume ofserum instilled, its protein concentration, and the final protein concentration in the airway liquid, we can solve for A, the expected volume remaining in the air spaces. For example, in the serum-alone experiments, we instilled 108 ml with a protein concentration of 6.6 g/dl. The airway liquid had a final protein concentration of8.2 g/dl. Thus, 108 ml X 6.6 g/dl = A X 8.2 g/dl; A = 86.9 ml. This calculation is based on the assumption that most of the protein left in the lung is in the airspaces, not in the interstitium. This assumption is well supported by the small quantities of '25I-albumin in the lymph over 4 h as well as our prior lavage studies demonstrating that > 85% of the instilled protein was in the airspaces after 4 h (32). However, since a small fraction of the instilled protein does leave the air spaces over 4 h, to make this calculation more accurate, we multiplied the protein concentration in the instillate by the residual amount of protein tracer ('25I-albumin) in the lung (Table III) . Second, since A should be the water volume and not the serum volume, we multiplied A, the expected volume remaining in the air spaces, by the wet/dry ratio of the airway liquid. Using these two adjustments, A equals 81.0 instead of 86.9 ml. This value is remarkably close to the measured value of 76.8±8 ml. No adjustment is needed for the final protein concentration since the '31I-albumin data indicate that very little plasma protein was added to the alveolar space. When we made the same calculations for all the experiments in series 1, we found that the estimated volume in the air spaces was 41.8 ml for terbutaline vs. a measured value of 46.9 ml, and 54.3 ml for epinephrine versus a measured value of 56.9 ml. The difference between the calculated alveolar volume and the measured lung water should be the excess water or volume in the interstitium. Because we found that the calculated and measured volumes were similar, we think that the excess water we measured is mainly in the air spaces (alveoli). Although our method of measuring lung water does not provide a direct measure of alveolar volume because we are measuring excess water in the whole lung, this last evidence supports the hypothesis that the main barrier to liquid and protein clearance is the bronchoalveolar epithelium and not the interstitium.
Whole animal studies are not designed to determine the precise sites of liquid reabsorption from the airspaces. Reabsorption could occur through the alveolar epithelium or the bronchial epithelium. However, there is some evidence that favors the alveolar level as the primary location for liquid reabsorption. First, the alveolar surface area provides a larger area for reabsorption than the distal airways. Second, recent work (33) demonstrated a 300% greater density ofbeta receptors in the alveolar wall than the bronchial epithelium. Finally, Ballard et al. (34) recently reported that reabsorption can occur at the alveolar level in the isolated rat lung by advancing the liquid into the alveoli with an immiscible fluorocarbon.
In conclusion, we have found that lung (i.e., alveolar) liquid clearance is increased by beta-adrenergic agonists in anesthetized, ventilated adult sheep. This increase is mediated through beta receptors, and the mechanism appears to depend on stimulation of active sodium transport from the air spaces into the interstitium across the alveolar barrier. These results provide further evidence in intact adult animals that active transport of solute (sodium) can play a role in alveolar and lung liquid clearance, as has been suggested by work done in preparations such as isolated alveolar type II cells (7, 9) , isolated perfused lungs ( 12) , and intact fetal lambs (4) .
